In a combined experimental and theoretical study the activation process of a single site ethylene oligomerization catalyst with aluminum based activators has been studied.
Introduction
Methylaluminoxanes (MAO) [1] [2] [3] [4] have been widely used as activators of ethylene oligomerization and polymerization iron-based catalysts, especially those belonging to the bis(imino)pyridine family, affording highly productive catalytic systems [5] [6] [7] [8] [9] [10] [11] [12] . As high MAO/metal ratios are required, leading to high costs, considerable efforts have been undertaken to replace them in oligomerization reactions [13] [14] [15] . This requires a good understanding of the activation process of the catalyst. However, the identification of the precise role and active center of MAO during the activation process is hampered by the multitude of aluminum species present in solution [16, 17] , the control of the reaction exothermicity, along with the catalyst degradation and polymer byproduct formation.
In this communication we report a well-defined dimeric aluminum complex [PhOAlMe 2 ] 2 and its activity for ethylene oligomerization using ({2,6-(2-(CH 3 )C 6 H 4 N=C(CH 3 )) 2 -C 5 H 3 N}Fe(II)Cl 2 ) (abbreviated as LFeCl 2 ) precursor in comparison with the MAO and trimethylaluminium (TMA) cocatalysts. We furthermore present the DFT simulations that helping to explain the observed experimental activities. [PhOAlMe 2 ] 2 and TMA are structurally well-defined aluminum species, whereas MAO is not. For the latter, a previously described model is therefore used (Scheme 1, structure (iii) in the lower rectangular box) [18] [19] [20] .
While the iron-catalyzed oligomerization mechanism is largely accepted to follow a CosseeArlman type mechanism, leading to a Schulz-Flory distribution of linear -olefins, the debate concerning the nature of the metallic active species and the corresponding activation path remains open and is fuelled with numerous studies regarding the oxidation state of the active species or the non-innocence of the ligand towards redox reactions [21] [22] [23] [24] [25] [26] 
Materials and Methods
Methylaluminoxane (MAO 10 wt % in toluene) and TMA (trimethylaluminum) were purchased from Chemtura, while [PhOAlMe 2 ] 2 was obtained by addition of an equimolar amount of phenol to TMA in n-heptane in good yield (97 %) and was characterized by 1 H and 13 C NMR and XRD [27] . [LFe(II)Cl 2 ] was prepared according to the procedure described in ref [28] . DFT calculations were carried out with the unrestricted M06 functional [29] , proven to provide an accurate description of aluminoxanes [30] as well as the spin state of the iron catalyst (Table   5S ), in combination with Los Alamos pseudopotential and associated valence basis set on iron atoms [31] and the basis set 6-31G(d,p) for the other atoms. We have verified that inclusion of solvent effects or expansion of the wave-functions over larger basis sets do not change the conclusions presented below from results of gas phase DFT calculations. This is in line with the theoretical findings of Zurek and Ziegler who also concluded that relative energies were not impacted by the inclusion of a solvent model [19] . Further details are presented in the supplementary materials.
Results and discussion
Zero oligomerization activity was observed with the [LFe(II)Cl 2 ]/TMA system, even with an Al/Fe molar ratio of 500, while at the same ratio an activity up to 1. A Schulz-Flory distribution (K = 0.68) of linear -olefins was afforded comparable to the one observed when the activation is performed with MAO (Al/Fe = 250, K = 0.69). This latter catalytic system showed a higher, up to 7.4×10 7 g·(mol(Fe)·h) -1 , activity. Nevertheless, the iron bis(imino)pyridine/MAO system is temperature-sensitive and coupled to the important exothermicity of the reaction, processing issues are encountered even at low catalyst loading. In our case, more than 40 wt% of the formed products are waxes and polyethylene (PE) with this system, while none of these heavy products were obtained with [PhOAlMe 2 ] 2 .
As [PhOAlMe 2 ] 2 is a structurally well-defined cocatalyst, it serves as a very good candidate in this theoretical study to help to elucidate the activation mechanism of the precatalyst using MAO.
[ cocatalyts. Only minor energy differences between the reaction intermediates were found for both systems, thus not explaining the experimental activity difference. Since moreover, the complete dissociation of the created cationic iron species and the anionic cocatalyst is prohibitively costly, we will focus on the reactions of the ion pair, i.e., cationic monoalkyl [LFe(II)Me] + and investigate its interactions with the three cocatalysts, each being mono-or dichlorinated ( Figure   5S ) as well as with ethylene. we first show how the nature of the anion influences the ethylene insertion mechanism: (II)  (III-a) in Scheme 1. In parallel, we explore possible routes leading to the catalyst deactivation: Table 3S and Figure 2S ). respectively. Note that energies are relative to the energy of the ion-pair and the ethylene molecule at infinite distance. Hence, this inhibition reaction is unlikely to happen in the presence of ethylene.
We then investigated an alternative inhibition path that could take place before the ethylene uptake, e.g., the iron methylation: reaction (I) to (III-c) in Scheme 1. However, the calculations reveal that product (III-c) is unstable for all three monochlorinated anions and spontaneously dissociates to (I).
A third inhibition path, (I) → (III-d) in Scheme 1 has been considered. The chlorinated dimeric TMA anion is already partially dissociated in the presence of the cationic iron species. The complete dissociation of TMA (Eq. 1) requires DG diss = +4.5 kcal·mol -1 for the monochlorinated TMA dimer (R=Me) and even is exothermic for the dichlorinated anion (R=Cl): DG diss = -7.5
kcal.mol -1 .
[ [25] .
Nonetheless, they studied the iron 2,6-bis(2,6-diisopropylphenylimino)ethyl-pyridine catalyst, which experimentally can be activated by TMA, whereas we focused on the 2,6-bis(2-methylphenylimino) analogue, which is experimentally inactive with TMA. Accordingly, our calculations explain these experimental findings by the fact support that the TMA association (eq.
2) is exergonic (-4.7 kcal·mol -1 ) for the bis(methylphenyl) complex, while it is endergonic (+5.6 kcal·mol -1 ) for the bis(diisopropyl) complex, likely due to the steric hindrance of the bulky isopropyl groups.
[ In this relaxed coordinate scan the r(Fe-Al) distance is constrained but systematically increased in steps of 0.5 Å, while all other atoms are relaxed ( Figure 3S ). Even at r(Fe-Al) = 10 Å the scan shows a tendency of increasing energy, taking the fully relaxed structure as a reference. We were not able to locate the transition state on the potential energy surface.
to generate the mononuclear Lewis acid Me 2 AlOPh that could deactivate the catalyst. 3 Since this inhibition reaction is in direct competition with the ethylene insertion (24.9 kcal·mol -1 energy barrier, but exergonic (DG r ins = -10.9 kcal·mol -1 ) the insertion reaction clearly is favored. We can therefore reasonably assume that this inhibition route is unlikely to take place. In the case of the MAO all aluminum atoms are tetravalent, thus lacking the possibility to coordinate to methyl on the iron center, making this inhibition reaction improbable.
Conclusions
In summary, we have identified We conclude that efficient cocatalysts should be able to generate a cationic alkylated iron species, whereby the cocatalyst itself is turned into a chlorinated anion. It seems that this anion then should weakly interact, since lower barriers are observed for anions with smaller cationic -complex/anion dissociation energies and having higher activities. Additionally, the cocatalyst should not contain (or easily generate) trivalent reactive aluminum sites (such as in TMA) that could form adducts with the already generated cationic methylated iron species, thereby poisoning the catalyst. We hope that these results help for a more rational understanding of the role of cocatalysts in oligomerization reactions and may open new routes for the molecular design of improved cocatalysts.
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